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INTRODUCTION 


During  the  past  three  years  there  has  been  a renewed  interest  in 
the  methodology  and  procedures  used  to  monitor  water  quality  in  fresh 
and  salt  water  regimes.  However,  there  still  exists  a need  to  calculate 
quantitatively  the  amoufit  of  surface  turbidity  by  remote  sensing  methods 
to  provide  rapid  and  synoptic  water  quality  surveys.  | 

Many  studies  have  been  accomplished  that  concern  only  the  extraction 
of  qualitative  information  on  turbidity  derived  from,  analysis  of  multi- 
spectral  data.  ■ However,  recently  a 500-channel  airborne  spectroradiometer 
which  may  provide  a quantitative  means  of  comparing  high  resolution 
multispectral  data  to  water  quality  parameters  has  been  designed  at  the 
NASA  Goddard  Institute  for  Space  Studies  (GISS).  Also,  theoretical 
models  are  being  examined  that  will  predict  spectral  response  curves 
based  on  varying  the  size,  optical  properties  and  density  of  particulate 
matter  in  the  water  and  atmospheric  conditions  (Hansen,  1976).  A more 

extensive  treatment  of  the  theoretical  optical  properties  of  water  and  I 

previous  multispectral  analysis  for  water  quality  can  be  found  in 
Appendix  A.  The  primary  objective  of  this  study  was  to  correlate  and 
quantify  airborne  spectroradiometer  multispectral  data  with  ground 
truth  water-turbidity  measurements  obtained  at  Lake  Powell,  Utah,  during 
June  1975* 

AIRBORNE  SPECTRORADIOMETER  INSTRUMENT 

The  500-channel  airborne  spectroradiometer  measures  ground  reflec- 
tance in  terms  of  radiance,  mW/cm2  sr*,^from  about  0.i*2-1.0p  and  has  a 
spectral  resolution  of  approximately  IUA.  The  aircraft  instrument,  cy-ctcrc 
comprises  a Princeton  Applied  Research  Optical  Multichannel  Analyzer 
(OMA),  which  drives  a silicon  vidicon  detector  coupled  to  a Jarrel-Ash 
0.33-m  spectrometer,  and  a computer  compatible  tape  recorder  (Collins 

1976). 

Collecting  optics  image  a ground  taiget  on  an  entrance  slit  of  the 
spectrometer.  The  radiation  is  collimated  through  the  entrance  slit, 
dispersed  by  a grating  and  refocused  on  the  silicon  vidicon  detector. 

The  vidicon  detector  samples  the  spectral  data  in  500-wavelength  in- 
tervals at  the  rate  of  6I4U  seconds  per  channel  and  32  milliseconds  per 
frame.  Each  scan  line  is  amplified,  digitized  and  stored  on  tape. 

The  parallel  digital  data  output  is  transmitted  to  a computer  formatted 
eight  track  magnetic  tape  recorder  for  subsequent  computer  processing 
of  the  multispectral  data.  An  interface  monitors  these  data  for  errors 
and  triggers  a ground  truth  photographic  camera  on  every  tenth  spectrum. 

The  aircraft  measurements  are  calibrated  against  a stat.dard  tungsten  lamp. 

Also,  frequency  calibration  is  accomplished  by  use  of  a krypton  la.T.p  to 
determine  the  instrument  spectral  channel  width  and  wavelength  scale. 

Further  details  on  the  spectroradiometer  instrument  can  be  obtained  from 
the  reference  by  Collins  (1976). 


^Milliwatts  per  square  centimeter  per  steradian. 


June  197'-'  field  to  Lake  Fovell,  Ututi 

A field  ti’ip  was  conducted  to  i.ake  Fc'Weli  during  Q-lO  June  19T5- 
The  primary  objeotivt  was  to  obtain  fiel,i  measu!u>mentu  of  turbidity 
dui'intf,  an  aircraft  overflipj.t  of  t)if  I'la-ctroradioineter . Water  sai;'.ples 
were  Laken  from  t.he  Rincon  rep.ion  north  to  ttie  Dark  Canyon  Jirea  of  hake 
PoweJl  (k’ig.  l).  Field  temperatures  and  pH  values  were  also  recorded 
(Reynolds,  1^76). 

PhotOftraphs  of  the  water  surface  were  taken.  In  addition,  wind 
speed  data  and  chai'acter ist ic s of  atmospheric  conditions  such  as  cloud 
cover  and  air  temperature  were  noted,  Secchi  disk  dept.n  measurements 
were  t.'iken  during  the  field  trip. 

Field  'uid  lab>,>ratory  mea.surements  of  turhidity 

Percentage  of’  iij'.ht  transmittance.  Values  of  percentag.e  of  light, 
transmi ttance,  a measure  of  water  turbidity,  were  obtained  in  the  fiidu 
usir.g  a Rausch  and  Lorab  Minispec  20  instrument.  These  values  were  checked 
in  the  laboratory  using  a Coleman  Model  lli  Universal  P.p'ectrojihotometer . 

The  Cole.man  l^i  spectrc’photometer  allows  .selection  of  a single  wavelength 
for  transmittance  measurements.  For  this  study  13  wavelengths  between 
0.1(00  and  0.82'ju  wore  used.  Photometric  measurement  is  made  first  with 
a reference  ;'..'Uiiple  and  then  with  ;ui  unknown  si-unplc  placed  in  the  light 
bean..  Tlie  ratio  of  the  two  intensity  values  is  a measure  of  the  relative 
transmit  tanct.'  of  the  sample  at  a specific  wavclengtii.  Iri  this  study  a 
cuvette  (l  cm  di'uneter)  of  distilled  water  was  used  as  the  reference 

The  method  of  Lite  liglit  transmittance  measurement  from  tlie  spectro- 
piiotometer  i.s  illu.strated  in  Figure  2.  The  difference  in  concentration 
between  tiie  r«.  feren.-e  and  tlie  sample  is  determitied  by  measuring  the 
relative  intensities  of  the  c.^it  bcoii  (R),  first  witli  the  reference  an  i 
then  with  the  s-anple  i ti  position  (Coleman  Instriunents , IdbO).  In  this 
study  t.he  Intensity  of  the  exit  *fan  decreas«-d  from  the  original 
value  of  "Bj,"  to  a lower  value  "R,."  because  of  t.be  constituents  in  the 
unknown  sampie.  The  transmittance  value  is  a measure  of  the  difference 
in  eonoentration,  not  the  absolute  concentration,  between  the  reference 
sample  of  distilled  water  and  tin  unknown  sample.  As  a result,  the 
transmittance  meastirement  is  def'endent  only  on  tlie  nature  and  amount  of 
file  extra  constitutents  in  the  water. 

Pec''hi  disk  depth  data.  The  procedure  for  obtaining  t tie  Si  cchi 
disk  dei'tli  measu»'ements  was  to  obS'-^rve  the  i''pth  at  wtiich  a wtiite  circular 
disk  inser+cu  downward  f roir  the  wa+er  surface  ,iust  dis.appeared  from  view 
( Hiitciiinsou . i9(iT).  Tlie  secchi  disk  deptli  is  only  a qtiaiitative  measure- 
ment < '■  t.urtidity  yielding  approximate  information  about  water  clarity. 
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nm  in  diar.eti'r  and  war.  a:  | rox  ii' ate  i ,v  !>'  ,n:i  tliiek.  i ol  ynT  yreiie  iit’i-x 
I article;;  of  l.iOi'i;  diameter  wr-ta  adaed  for  I'eaie  reference.  Tlie  n.ai:;;  le 
was  then  (laee>l  in  a v.aoa.ir.  .•i;;ui;j,er  an  i rnanowa.':  wiTh  a chroir.iui’.  y.anor. 
Klectrun  miororrai  hr  weia'  ol  tainevi  f'.r  t.hese  rfo-iples  at  a 3t'i’‘ x maj;- 
nification  (Kuinai, 

doneer.trat  ion , :~i  i tered  . A >0  i.il  aiiqu-  t t i.e  HuiifrOf'  i-ay 
(Mile  122),  Mile  1(<0,  Mile  l68  and  Hite  bridito  (Mile  ITl)  water  samples 
(see  Fit:.  3)  was  I'assed  throu.-i,  a O.ltap  Milliper-e  filter.  Eacn  fiitiaite 
was  washed  several  ti-mes  to  ensure  remov.al  of  soluble  salts.  Tb.e  fil'er 
papers  wt.'re  oven  dried  ;uid  the  rer.ai  iii  nr  particulate  r.atter  was  weip.hed. 

A'irborne  speoti ‘orad  : ometer  nieasuren.ents 


Airboriie  spec troradiotr.eler  flit'.hts  wer-o  accoi:;plishe'.i  over  Lake 
Fowell  on  lb  and  23  June  19T''  (Fir.  B).  Tal>le  I shows  the  time  of  the 
niul  tispect  ral  dat'-.  ac'piis  i t i on.  Tiie  instrument  used  in  1 iiese  flifthts 
w.as  t.b.e  hOO-channel  spect  rorad  iometer  desirned  at  tlie  '.inSA  Goddard 
institute  for  f-pace  ftudies,  Htiw  York,  Lew  Ye.rk  (Collins,  1976).  The 
aircraft,  flit'.ibs  were  flown  in  conjunction  witii  the  rround  tiaith.  water 
scuTit'iinr:  T'rnrr.am.  The  aireraf;  w;in  t’lovn  at  approximately  2000  fi 
with  the  accnmulation  mode  Si'ttirifj;  on  + he  specti'oradiometer  proviui.ar 
for  ;i  60xl20-ft  rround  cov<-:-are. 

Tatde  I.  Acquisition  tiiT'es  of  tlie  airlorno  spectroradiometcr 
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Figure  3.  Site  location  map  of  selected  water  samples 
obtained  at  Lake  Powell,  Utah  (June  1975). 


Instrument  calibration  of  the  aircraft  spectroradiometer  was  done 
in  the  laboratory  before  the  instrument  was  installed  on  the  aircraft 
and  again  after  it  retui'ned.  Also,  the  preprocessing,  of  the  digital  data 
was  accomplished  at  NASA  GISG.  The  individual  spectral  data  points 
(60xl20-ft)  from  the  aircraft  flight  lines  were  located  on  9x9-inch 
photographs  using  the  35  ground  truth  film  photography  taken  at  the 
time  of  the  aircraft  flight  and  tlie  preprocessing  computer  data  output 
as  reference.  Tlie  aircraft  spectra  were  displayed  on  a Tektronix  U012 
CRT  terminal  using  the  GIGS  CRJF  (Conversational  Remote  Job  Entry) 
computer  jirograra.  Interactive  access  to  the  GIGS  comriuter  facility 
(IBM  360/95)  was  accompilished  over  a direct  line  telephone  to  GIGS. 

A Tekti'onix  U632  video  copy  unit  provided  a means  to  obtain  hard  copy 
plots  from  the  Tektronix  U012  graphics  ter.minal. 

The  aircraft  spectra  produced  were  not  corrected  for  effects  such 
as  sun  glint,  atmospheric  attenuation  or  wind  speed.  However,  precautions 
were  taken  to  minimize  these  effects  during  the  aircraft  spectroradiometer 
flights.  These  included  obtaining  aircraft  spectra  d’uring  the  early 
morning  on  a clear  day  with  little  wind  and  when  sun  glint  was  not 
considered  a problen;.  Therefore,  the  differences  in  the  spectra  between 
various  locations  in  Lake  Powell  should  represent  mainly  variations  in 
turbidity  and  not  atmospheric  effects. 

REGULTG  AND  DISCUSGION 

Water  transmittance  data 

Tables  BII  and  Bill  (App  B)  give  tabulations  of  the  light  transmitlan  -e 
data  obtained  in  the  field  and  laboratory  for  all  the  Lake  Powell  water 
samples  (see  Fig.  l).  These  values  were  obtained  using  the  spectrophotometer 
procedure  described  previously.  In  addition,  secchi  disk  depth,  pH  and 
temperature  measurements  taken  during  the  field  reconnaissance  at  Lake 
Powell  are  shown  in  Table  BI  (App  B).  Secchi  disk  depth  measurement 
locations  are  also  shown  in  Figure  5. 

The  Bullfrog  Bay  (Mile  122),  Mile  150,  Mile  I66  and  Kite  Brid/:e 
(Mile  171)  areas  were  selected  to  represent  low,  intermediate  and  high 
turbidity  regions,  respectively  (Fig.  3).  In  the  analysis  it  is  important 
ro  note  tliat  the  direction  of  stream  flow  is  from  the  Hite  Bridge  (Mile 
I'i'l)  to  Mile  168  to  Mile  150  and  past  the  Bullfrog  Bay  (Mile  122) 
tributary  area. 

Table  II  shows  the  ground  trutii  data  of  the  selected  water  samples. 

Ihese  data  included  samjile  location  on  the  map  (see  Fig.  l),  pH,  surface 
temperature  ana  secchi  disk  depth  data. 

The  ground  truth  data  do  not  shuw  appreciable  differences  in  pH, 
but  all  values  were  above  8.0  indicating  a highly  basic  water  environment. 
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Table  11. 

Ground  truth  data  from 
samples  (June  197‘v)- 

Selected  Lake 

bowel ! water 

Location 

Location 
on  map 

iili 

diu'face 

temn. 

.'ecchi 
disk  de;ddi 

("CJ 

( m. ) 

Hite  Bridge 
(Mile  171) 

3 

8.2 

18 

0.18 

Mile  166 

9 

8.5 

18 

0.  30 

Mile  150 

15 

8.6 

20 

0.75 

Bullfrog  Bay 
(Mile  122) 

26 

8.6 

23 

1.50 

Tiie  teji'.pei’ature 

values  were 

relatively 

warm  varyinr. 

from  l3.0”G  (61 

to  23.0°F  (73. ^°F).  The  secchi  disk  depth  data  varied  appreciatly  foi' 
the  four  areas.  Althovigii  this  measui’ement  is  only  qualitative  tin;  valu*; 
does  Rive  a subjective  determination  of  water  turiddity.  The  turbidity 
in  the  water  decreased  from  very  turbid  conditions  at  Hite  Bridge 
(0.l8  m)  to  clear  conditions  at  Bullfrog  Bay  (it.  50  m). 

Table  111  shows  the  surface  turbidity  data  of  tiie  four  test  site 
areas.  These  data  included  percentage  of  transmittance  measurements 
obtained  in  the  field  and  laboratory.  The  percentage  of  transm.ittanci- 
measured  in  the  laboratory  showed  higher  values  than  t'je  fieJd  data, 
however,  the  same  trends  occurred  with  both  sets  of  measurement;'.  At 
shorter  wavelengths,  lower  transmittance  values  occurred  because  o;‘  high 
scattering  at  short  wavelengths. 


Table  111.  Surface  tubidity  data  from,  selected  Lake  I'uwell 
water  samples  (Juno  1975)- 

Tran.smlttance  Transmittance  Tran-'.m  i ttance 

(field)  (laboratory)  ( transmi  sson.eter ) 


Location 

A* 

% 

o7i7 

O.fp 

O.ln 

0.7u 

0.8p 

Hitt  Bridge 
(Mile  171) 

18 

15 

39-2 

53.7 

63.3 

65 

Mile  168 

11 

77 

61.1 

79-5 

82 . 1 

80 

Mile  150 

79 

98 

89.7 

98.1 

07  . Q 

03 

Bullfrog  Bay 
(Mile  12,') 

20 

98 

95.1 

09.0 

00.;' 

no 
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One  reason  for  the  differoroe  between  tbe  field  and  laboratory 
measui'en.ents  can  be  attributed  to  the  instruinontation  as  two  different 
kinds  of  instrujoents  were  used.  In  addition,  a sample  with  many  small 
particles  with  a iart:e  total  siu'face  area  woula  result  in  a lower  per- 
centatse  of  transmittance  such  as  measuro'd  in  the  fio-lu.  The  particulate 
matter  in  tiie  water  may  have  f.LCccalated  by  tiie  time  the  water  Sfuaple 
was  broupht  into  the  laboratory.  A.s  a result,  the  saifie  water  sair;ple 
would  snow  a hitcher  percentafje  of  trarnsmittance  because  the  fewer  laryer- 
sised  particles  with  less  surface  aj’ea  would  allow  more  lipht  to  pass 
tiu-ough  the  sa;;.ple. 

The  percentage  of  iransmittance  data  coi’related  well  with  other 
siirface  turbidity  data  taken  cn  lU  .’'lane  1975  which  indicated  the  same 
relationship  oi’  turbidity  (Johnson  and  Merritt,  1975).  These  data  were 
obtained  by  using  a Hydroproducts  transmissometer  which  was  lowered  into 
the  surface  water  (Table  III).  The  instrument  is  calibrated  to  an 
absolute  value  of  92^  before  and  after  each  measurement  using  a light 
beam  source.  For  ox-unple,  if  the  instrument  reads  100%  in  water,  this 
indicates  very  clean  water  due  to  the  refractive  index  properties  between 
water  and  air. 


The  percentage  of  transmittance  data  taken  :n  the  field  and  laboratory 
correlate  with  the  secchi  disk  depth  and  transmissometer  measurements 
and  show  that  the  percentage  of  transmittance,  secchi  disk  depth  and 
transmissometer  values  increased  from  the  very  turbid  Hite  Bridge  area 
to  the  relatively  clear  Bullfrog  Bay  area  (Tables  IT,  III).  These  /::-o;na 
truth  data  indicate  aiffcrences  in  surface  turbidity  for  the  four  t.est 
sites  which  should  be  reflected  in  the  aircral’t  s]'cctra. 


Airborne  ^ectroradiometer  data 


The  airborne  spectroradlcmeter  data  used  for  analysis  were  obtairc: 
from  the  following,  flight  lines  (see  Fig.  ^):  C'-CB  (Bullfrog  bay), 

I and  lA  (Good  Hope),  ^ and  '.A  (Castle  Butte),  5 (Hite),  6 (Dirty  Devil) 
and  10  (l.'ari'ow  Canyon).  Figure  C shows  aircraft  spectra  selecteu  from 
these  flight  lines  and  gives  representative  data  of  the  water  SiUit les 
obtained  at  the  Hite  Bridge  (Mile  171),  Mile  168,  Mile  150  ana  bulJfro.' 
Pay  (Mile  122)  locations.  Table  IV  shows  tiie  time  of  day,  date  and  sun 
angle  elevation  associated  with  each  aircraft  spectrian. 


Table  IV.  '"ime  of  day,  date  and  sun  aiu'l(;  elevation  associated  with 
selected  bake  Howell  aircraft  spectra  (June  1975). 


Gun  angle  elevation 


Location 

Time  of  day 

Date 

(dcgree.s  ) 

Hite  Bridge 
(Mile  171) 

0950 

c'i  June 

>^2.  r 

Mile  168 

0905 

23  June 

3B.7 

Mile  150 

0833 

JB  June 

?7 . 1 

Bullfrog  Bay 
(Mile  122) 

1005 

l6  June 

rtie  Jnt.iL  -iro  riK.wii  with  wave  1 rnrtti  iri  r.  i L-ron:'  ( i*  iK'tlt-cJ 

.•ilonc  thf  x-axifi  and  ra'f  1 e(' t '.''i  ra,l  iaru'i'  in  :-.r  alorit  the  ;.'-ax:.;. 

The  waveltMifth  i'iiamitM  widl^ii  ol'  the  i re  fa  ft  f.pe.-tfcfaiioiueter  data  u:a 
in  tiiia  ana.lyjif.  war  "I  a . )6A  an  i , tht.aa’fort' , I tie  re(\eet.ed  fadiaiua>  can 
tx'  expressed  ae.  r.W/em^-  f f-elianra- 1 . However,  t liroin  tioat  t tie  reina  i nier 
of  tiiio  report  ttie  refleete.i  radianee  wlii  be  expf' .'.r.e.i  iii  i',\s/e,T.‘  nr  wi'i. 
ttie  channel  widtti  ar.nuited  to  hi- 

A typic.al  rpeetrun.  in  eymponed  of  ^00  i i,di  vidatu  data  point,.'  or  .Od 
channels  of  tipnrox  iirri.teiy  1 't.A  wiilth.  Ttiese  ta.'fleot.ed  radiance  valuer 
cover  a total  itpectr.al  region  from  O.A2p  to  'ipi'rox in.ateiy  0.90b.  Ttie 
spectx'aL  rCf^onn  represented  by  the  aircraft  rpt'clra  are  loc.ated  in  ttiC' 
visible  'w.ave ! enp.th  repion  from  0.A-0.'('i‘  and  the  near  infrared  region 
from  O.T-l.'db.  Ttie  stiai-p  drops  in  tlie  sn--ctral  curves  are  due  to  virioiu; 
.absoi’ptioti  I'Unds  caused  by  tiie  presence  o'  wat-x  r vapor  and  oxyren  in  t.’ae 
titmospliere  .and,  to  a lesser  extent,  the  presence*  c*f  Fr-iuntiofcr  linen  in 
>tio  solar  incident  radiation.  For  example,  Ji  water  absorpl.ioti  t.and 
occurs  at  0.'f6(i  ( Hod)7ii;i.ri  et  ai  . , lost). 

The  ranr.e  of  reflected  radianee  v.'iluer  in  t.tie  bulli'ror  hay  (i-Ule 
122'  water  spectrum  was  low  wlien  compared  wit);  tlie  Hite  hri.lre  (Mile 
171),  Mile  l68  and  Mile  190  spc*,.*tra  t hr  'Uctiout  t tu*  entire  O.d.'  to  0.).;, 
wavi  Icnpth  reftion  (Fip;.  t>).  Ttie  pt'rcenl.ape  of  transmit. tauco  at  i-'ilifr's 
Hay  (MiU  122)  v,.-i.s  liifli  (at.))'')  vhicli  iiiiicatea  t.tiat  t tie  water  i;aJ  -i  vi  r;, 
lew  lu't)id,it\  i.Tatie  'll).  Tills  w:ts  '.•erified  ly  t,;ie  r-ecctii  diSK  as  ‘ 
measurement,  of  A . A i:.  (T'lble  II)  which  w.as  the  deef'cst  ia*tfti  .'f  1 i,  h' 
extinction  in  nako  Powell  Unit  w.'is  obtained  from  all  *,  tu*  water  r.atn  I's 
(Fip,.‘j).  Initially,  tlie  refleete.i  rtiiiiance  value  -was  e.oOlO  mW/err  sr 
at  an  initial  sampling  wiveleiif'.th  of  I).li2b,  t'ut  increased  to  a liroad 
peak  of  O.OOIY  rnW/cm'-'  sr  centered  at  0.98b.  Tlie  refl  ected^raJ  itinee 
values  then  gradually  tlecreased  to  a value  of  O.OoOl  mW/cm‘  nr  at  ('.  ''r. 

Tlie  ‘'.iie  190  aii-craft.  spectrum  was  somewiiat  di!’fi*rent  in  .tipp'.’ar'itici- 
from  ttie  Itullfror;  it'.v  (Mile  1,.'2)  spec t rim  (Fip.  t>)  . 'i'ib'  initial  ri.-- 
flectea  radi'incf  vtliu-  vis  O.ilOOy  i;iW 'cm'  sr  at  a wivelenr.t  ti  of  O.Afb 
tiud  increased  t.o  ('.oi'p^,'  ii.',v'/,*m''  .;i  'if  a wivelenpt 's  of  A sc  .*  >n  I'l;',. 

r.peotral  slionldor  occurred  nt  O.t'.'ui  at  refiect.cd  radiance  value  ■ f 
0.001'^  mW.'cm  ' sr.  Peeclii  disk  'ii'ptii  ircisurement.'.  siicwed  ;i  ■'•■'('j  n,  dt - 
crease  in  dept  ti  penetration  from  i'.i  1 i frop.  nay  (Mill*  if.'’)  to  Mile  1 ‘*0 
ITtble  li).  I’tie  percentape  o’’  lip.iP  trt.nsmit  t sr;  -e  had  d('*rcased  to  a 
value  of  89.7^  in  the  Mile  150  sample  (Table  111).  Tlie  Mile  150  spe'-tru;:. 
in  conl.r.'ist  to  ttie  f'uJifrop  Hay  .Mile  122)  spe-t.riuii  stiewcu  i.ipher  la - 
fU'ctei  radiance  va.uer  ii,  ttie  ne.-ti-  infrared  lapion  ( 0.  TO-a  . -i ; ii ) 
iriicatinp.  ttrit  tlie  f'ile  T'O  sariple  coiitaiifii  more  t'lrt'i  d i t y t har*  tlrii. 
ol'served  at,  Hu  i 1 f rop  Ittiy  (Mil  1..'). 

't'l'e  Mile  lt'8  rreei.rum  was  simila.'*  in  stripe  u ' tr*  Mile  1'*''  r.re.-tr.tr, 
tiowiv.'!'.  Ml'*  entire  eurvi*  irii  i ii*  rea.'cd  to  tiiptr-r  r-cfleet-'d  raiiiuice 
value:  (FLp,.  o).  ".'lie  l.urniuit;,  in  the  "'.ile  !o‘i  veer  sample  liad  aha* 


increased  and  is  indicated  by  a iow<*r  value  of  percentai-a*  transniittanc(f 
and  a j.ower  secciii  disk  dejitii  measuremeiit  (O.'-'T  »-)  than  occurred 
in  the  Mile  150  or  BullfrO(v  Bay  (Mile  122)  samples  (Tables  II,  III). 
Also,  as  in  the  hullfroe  Bay  (Mile  122)  arid  Mile  150  spectrurr.,  the  peak 
in  reflected  radiance  value  occurred  at  0.5t>U  (Mif-  6).  In  addition, 
a secondary  spectral  shoulder  occurred  at  0.6Itn  similar  to  tiie  Mile  J 50 
spectrum . 


TTie  greatest  amount  of  turbidity  was  measured  in  tiie  liite  Hridpe 
(Mile  li’l)  water  sample.  The  })ercentap;e  of  lit:lit  ti'ansmi  ttaiice  measure  i 
in  the  laboratory  was  29. and  tiie  secchi  disk  de]>tii  measured  0.l8  m 
(Tables  II,  111).  Tiie  reflected  radiance  value  observed  at  the  0.’i2t 
wavelenpith  iO.0017  mW/cm*^  sr)  was  larger  tlian  observed  in  the  otiier  tiiree 
samples  and  increased  t.o  O.OOCO  raW/cm‘'  sr  at  a wavel enctii  of  0.58p 
(Fig.  6).  In  the  0.58-0.91U  ratige^tho  reflected  r-adiance  value  decreased 
rapidly  to  n value  of  0.0007  mW/cii'.  sr  with  a secondary  spectral  shouiler 
occurring  at  0.6lni  (0.001*6  mW/ciu'  sr ) . in  tiie  0.7t'-0.'*Iu  wavelength 
region  tiie  reflected  radiance  was  relatively  greater  in  intonsity 
(0.0007  uW/cni‘’  sr ) for  tliP  Hite  Bridge  (Mile  17i)  firea  compared  to  tiie 
other  spectra.  In  the  near  infrared  region  tiie  ! igiit  does  not  penetrate 
deep  witiiin  the  water.  If  the  surface  water  iias  very  low  turbidity  the 
reflected  light  will  be  low  and,  tdierefore,  the  reflected  radiance  is 
very  low.  If  large  quantities  of  particulates  occur  in  tiie  surface 
water  (high  tui’bidity),  the  reflection  becomes  greater  and  the  corres- 
ponding reflected  radiance  value  will  increase. 

From  tiiese  data  it  is  possible  to  correlate  tiie  l.urbitlity  in  the 
water  samples  to  the  spectra  obtained  from  the  airborne  spectrorad iomet<  r 
instrument.  It  can  be  stated  that  as  the  tiu'bidit.y  in  tiie  water  in- 
creases the  spectral  reflected  radiance  curve  increases  t iiroug.iiout  tiie 
0.42-0. 91m  wavelength  region  with  the  peak  reflected  radiance  value 
occurring  at  0.56m-  Also,  a secondary  spectral  shoulder  occurred  at 
O.biip  for  the  Mile  150,  Mile  l68  and  liite  bridge  (Mill'  171  ) sy.ectra,  la- 
this shoulder  was  absent  for  the  Bullfrog,  Bay  (Mile  122)  spectrum. 

Aiialysis  of  particulate  matter 

The  concentration  of  particulate  matter  in  tlie  wat.er  samples  was 
determined  by  the  filtration  procedure  described  previously  (Talde  V). 
Tiicse  concentrations  contributed  to  tiie  turbidity  of  the  water  samples. 

Table  V.  Concentration  data  from  selected  Lake  Powell 
water  samples  (June  1975)* 


Concentration 

( f iltei'ed ) 

Location 

(fli/l  ) 

Hite  Bridge'  iMile  171) 

77  • 2 

Mile  168 

4l.l 

Mile  150 

T.O 

Bui .1  frog  Bay  (M.ilc  K2) 

4.0 

I 4 


The  oiectrou  niici'0('fii}>tiJ  obt^uincd  of  the  water  r.-utipiet;  nhow  tae 
aiffereuces  in  the  oonipoaition  of  tiie  particvilate  matter.  Figure  '(a 
illustrate!:  the  low  concentration  of  particiilate  rtatter  in  tlic  .Hulli’rof. 

I'uy  ^flile  122)  water  and  Figure  TV  snow:;  tiie  resultinr,  precipi  tate.i 
salt  crystals  after  evaporation  of  tlie  water  sajnp.ie.  Fipare  8a,  L,  c 
sliow  clay  and  oti'.er  inorganic  I'latei’ials  tint  increase  in  coneentrat  ii;n 
I'roin  Mile  150  to  Mile  lb8  to  Hite  Hriipe  (Mile  ITD-  The  insolul'le 
inorganics  coinjiOG  i n,’,  the  najoi'  pni'tion  of  the  par^iciiltite  i:;atter  in 
these  s.'imples  ai-e  pa-obably  clay  mineml:;  or  clay-size'i  tiartioles. 

Kunoff  from  t r.e  ::urround iiir,  ai'eas  cai'ry  jjart  icles  of  both  clay  r.inerals 
ai.d  clay-.si  zi.'d  materials.  Very  little  organic  matter  enters  bake  l’ovi-11 
from  the  Land.  The  principal  clay  minerals  found  in  tne  area  ai'e  illite, 
m','nt."\>r  i 1 Ion  ite  and  kaelinite  (Mayer,  1973).  Also,  c.arbonaceous  material.; 
occur  throngliout  t.lie  river  basin. 

by  exar’.ining  the  tnlurged  photographs  of  the  water  srui.plc.;  (Fig;‘. 

7 and  8)  an  iiiferenct;  of  the  type  of  pai-ticulate  mat  ter  in  th?  water 
can  he  obtained.  The  liite  I'ridge  (Mile  17l),  Mile  l68  and  Mile  150 
water  s-unj'lcs  comp-rised  Kiainly  clay  materi.als  as  evidenced  by  i laty 
atil  irregular  particle  shapes.  The  Bullfrog  Bay  (Milo  122)  water 
s.'ur.j  re  contained  very  little  ;>urt  iculate  matter  with  predoir.i.nant  ly  ;:alts 
pr  e.seut . 


A c I'.pai' i r-or.  >f  ' Ic-  prc.nd  ’'uth  r.ensurement.s  for  tiie  Hite  Bi'i  ire 
vMi'.e-  li’l'.  Mile  IK'  a. id  l-'.lle  i'_  c,  water  sttmples  showed  the  following 
■ r : 

J.  '''he  ;erciTitage  • tranr::  ittance  measured  in  tlie  field  an.i 

I •iL-,- rat -'ry  itici'i  .ised  frem  iiite  Bridge  (Mile  17l)  to  Mile  ItO 

:c-  M;  )c  ! . 

'.  ilie  -.c'cchi  ui.-.k  n.'p’h  mea.'cirer.ont  increased  from  Hite  Bridge 
iMile  iVll  so  Mile  Ibti  to  Mile  IhO. 

'"ne  cciicci.tr at  ion  .ietentincu  ly  filtration  decreasea  from  Hite 
.rid/e  vMile  i7i^  to  Mil.-  lo8  to  Mile  l‘-0. 

Wticn  conpii-iin:  t.hc  data  obtaineu  for  t.lie  Bui  1 f rog  B.'iy  (Mile  122^  ir.-a 
to  the  '.rends  observed  for  t!ie  other  tiiree  sites,  ttie  following  observa- 
tienr  Were  maue: 

J.  Ttie  percentage  <-f  transmi' ' aiic--  measurc-d  in  tlie  fiela  an,: 

laboratory  increased  in  value  from  Mile  1 50  to  Bui  1 frog.  Itay 
(Mile  122). 

2.  Ttic  r.i'cctii  -link  ieptii  ,l-i(;i  increased  in  vain.-  from  ''.ile  1 hO 
t.o  Bullfrog  B.ay  (Mile  122). 


l‘> 


w 


Figure  7 


a.  Electron  micrograph  (i675x  enlargement). 
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b.  Photograph  showing  precipitated  salts 
( 7Px  enlargement). 

Piiotographs  of  the  Bullfrog  Bay  (Mile  12P)  water  sample. 
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The  e..;ije;itrat,  iot*  ac  lern. . ae  a ly  ' n ,ii;  Tea'/evl  ‘.'roi: 

V.O  ir.  the  Mile  l‘>0  areu  to  h.j  r.\(-/ . iii  the  Bulii’ror 

Buy  urea  (Mile  122);  licvever , the  concent  rati  or.  differed  by 
only  1 ing,  1. 

In  suni-.arj',  the  Bullfi'OfZ;  Bay  v.Mile  122)  and  Miie  150  area  showea  about 
the  s.'une  I'elatlve  particulate  con.’^ntre.''  »on,  but  t.his  si.T.ilarity  in 
concentration  was  not  reflected  by  a uimila?  aircraft  erectruin  curve.  It 
can  be  s»>en  in  Fip,ui‘e  6 that  tne  Miie  SO  Jiircr.aft  si.  ctr'U!:  h.ad  a l.ai>:er 
overall  reflected  radiance  t>.an  tb.e  rulli'rop  Bay  ',Mii.e  122)  spoctruti. 

Also,  the  spectral  shculdcx-  at  wirb-h  p.r. c ent  in  tne  Mile  150, 

Mile  168  -and  Hite  Bridge  (Mile  lYl'  spectra, was  absent  in  the  Bullfrog 
Bay  (Mile  122)  spectruii.. 

The  coi.centrations  determined  by  the  filti'ation  met-hod  (Table  V) 
for  the  four  test  sites  ai-e  compared  against  the  reflected  raiiatice 
value  in  Figure  9 for  the  wavelengths  of  0.58p  and  0.6l4u,  selected  because 
of  the  prominent  sjujctral  featiU’cr. — a peak  at  0.58u  and  shoulder  at 
0.6Uy.  Also,  the  reflected  radiance  value  at  O.T9v  was  plotted  against 
the  concenti'ation  to  give  representat ive  data  in  the  near  infrared  region. 
In  all  cases  the  measureaaents  for  t.he  Bullfrog  Bay  (Mile  122)  water  fill 
outside  tiie  curves  fitted  between  the  Mile  150,  Mile  l68  and  iiite  Bridge 
(Mile  lYl)  data. 

Tills  feature  of  the  aircraft  spectra  suggested  tliat  the  particulate 
matter  in  the  Bullfrog  Bay  (M  lo  1-22)  water  may  be  significantly  different 
than  the  other  three  sites.  On  exiui'ininr  the  location  of  the  test  niter 
(Fig.  3)  it  can  be  seer,  t.hat  ihulifrog  Bay  is  a large  tributary  off  rf 
the  mail.  Coloraao  iiivcr  cliannel.  Tlie  w.ater  in  Bullfrog  Bay  was  a yi-ar 
old  in  J.ine  19Y5  'iud  rhould  not  be  compared  to  the  other  Uiree  sites 
located  o.a  the  main  Caiorado  rivi.-r  channel.  In  adl'tion,  1 lie  ohcmi.-try, 
mineralogy'  and  p;irt''cle  di str ii'Ut ien  of  the  i^uJlfr  Bay  water  has  an 
unknown  relationship  t.’  the  wato."  .•■ciui  lions  in  the  r.-air;  .'•hanriei  . .Also, 
the  Bullfrog  bay  tributary  has  a diffeiauit  drainage  area  than  tne  other 
thre’e  sites  and  thus  wcu’.d  be  r*  - iviag  diffei-ent  sediment  inputs  fr 
the  land. 


Ttie  surl'ace  waters  of  I.ake  i-iwell  ar.'  .'haracteri/.eu  mainly  by 
sulf'ites,  carbonate  ••  and  chlorides  iheynold.-  and  .'oluison.  Id"!*).  ITie 
concentration  of  tiie  carbitnate  increases  lownstreai..  from  Hite  Bridge  and 
the  water  becomes  oversaturated  wi^ti  carbonate  as  t!ie  Scalinity  (Tabie  VI) 


Table  VI.  i.’aiii.it%  of  sele.’*eu  Lake  Powell  watei-  sa.mples 
(June  19Y5). 
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and  temperature  Ir.  Lake  Poweil  (Tabue  II)  increase  downstream  (Reynolds, 
ICTo).  Also,  dui'ing  June  19T5  the  sediment  load  was  at  a naximuir.  at 
the  Hite  Bridge  area  (Mile  ITl)  due  to  spring  runoff  conditions  and  the 
turbidity  decreased  downstream. 

It  is  suggested  that  the  carbonates  and  siliceous  materials  reflect 
differently  in  the  visible  spectruni  and  this  mixture  of  two  kinds  of 
particulate  matter  is  the  cause  of  the  two  spectrai  features — the  0.58p 
peak  and  the  shotilder  at  0.6uu — that  were  observed  in  the  aircraft 
spectra.  The  Bullfrog  Bay  (Mile  122)  water  is  greener  to  the  eye, 
suggesting  the  greater  carbonate  content.  Also,  the  salinity  and  tempera- 
ture were  the  hiighest  in  the  l)ullfrog  Bay  area  water  suggesting  a 
greater  carbonate  content  ^^Re^nolds,  1976).  Therefore,  the  spectral 
peak  at  0.58u  may  be  associated  with  the  carbonate  or  green  peak  in  the 
spectral  curve. 

The  spectral  curve  at  0.6Up  is  absent  in  the  Bullfrog  Bay  (Mile 
122)  sample.  The  explanation  for  this  is  probably  the  fact  that  very 
little  siliceous  particulate  natter  or  sediment  is  present  in  Bullfrog 
Bay  (Mile  122).  The  remaining  three  water  samples  are  composed  of  both 
the  carbonate  and  siliceous  particulate  matter  and,  therefore,  the 
spectral  curves  show  both  a spectral  peak  at  0.58p  and  shoulder  at  0.6Lvi. 

Comparison  with  the  theoretical  model 


To  obtain  quanti' a*  •.  ve  ■.  r.l’  rmation  from  the  aircraft  spectra, 
spectral  data  at  the  Key  wa.el‘‘'nr-ths  of  0.58p  and  0.64u  were  compareu 
with  results  from  a theoretical  calculation  of  water  spectra  carriec 
at  the  NASA  CISC  by  Tr-nvis  and  Kansen  (1976).  For  this  comrarison  they 
had  to  assume  a gelbstoff  component  (Kalle,  I966)  in  addition  to  siliceous 
particles  to  match  the  shape  and  magnitude  of  the  aircraft  spectral  curves 
(Travis  and  Hansen,  1976). 

Tlie  particle  size  and  particle  concentration,  determined  by  scanning, 
electron  microscopy  (rllV  Associates,  1976)  and  by  filtration,  were  also 
used  in  the  theoretical  model.  In  addition,  the  model  assunied  a particle 
refractive  index  of  1.2  that  is  suitable  for  clay  materials  according,  to 
standard  textbooks  (Kerr,  J959;  Kraus  et  al. , 1959).  The  absorption 
coefficient  of  the  particles,  which  was  unknown,  was  adjusted  by  Travis 
and  Hansen  to  secure  agreemient  with  the  aircraft  ol-servations  at  Hite 
Bridge  (Mile  171). 

The  results,  showm  in  Figure  10a  and  10b,  indicate  major  disagree- 
ments between  the  aircraft  measurements  and  the  theoretical  model,  in 
both  shape  and  magnitude  of  tne  curves,  for  reflected  radiance  intensity 
vs.  concentration.  The  agreement  at  Kite  Bridge  (Mile  17l)  is  due  to 
adjustment  of  the  abscrjition  coefficient,  an  indicated  above,  and  is  not 
significant.  If  a third  component  consisting  of  calcite  particles  were 
assumeu  in  the  model,  in  addition  to  siliceous  ana  geibstoff  components. 
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a closer  fit  between  tlie  theoretical  and  aircraft  jnectra  could  be 
obtained.  However,  little  or  no  inforniatiori  would  result  from  tiiie 
agreement  because  the  nur.ber  of  adjustable  parameters  would  be  at  least 
as  great  as  the  number  of  data  points.  In  any  case,  a simple  theoretica 
model  in  which  the  major  component  consists  of  siliceous  clay  particles 
cannot  describe  the  aircraft  spectral  measurements. 

COKC LUG IONS 

Analysis  of  the  water  spectra  obtained  from  the  airborne  s'jectro- 
radiometer  shows  that  remote  sensing  techniques  can  be  a useful  nx-asure 
of  turbidity  in  water  bodies.  Valuable  qualitative  information  can  be 
obtained  by  comparing  the  Lake  Powell  water  spectra  to  sfe'^tra  from 
other  water  bodies.  The  spectral  peak  centered  at  0.^8p  may  indicate 
the  presence  of  calcite  which  is  a measure  of  lake  salinity  (Reynci  is, 
1976).  Therefore,  detection  of  this  spectral  peak  in  other  water  bodies 
would  be  a means  of  classifying  lakes  (hard  and  soft)  using  reni<  t,e 
sensing  techniques.  Also,  the  shoulder  at  0.6Lp  is  frobably  due  to  the 
siliceous  particles  and  can  be  taken  as  a qualitative  measure  of  the 
presence  of  these  particles. 

The  reiriote  sensing  technique  also  shows  promise  of  being  an  effec- 
tive quantitative  method.  The  quantification  consists  in  correlating 
the  measured  spectral  reflected  radiance,  at  some  key  wavelengt):  or 
wavelengths,  with  the  measured  concentration  of  particles  in  the  water. 
Ideally,  the  correlation  could  be  tested  by  measuring  the  reflected 
radiances  at  one  site  in  the  lake  and  at  several  different  times  of  the 
year  when  the  water  has  a different  particle  content.  A gi-aph  of  tlic 
particle  concentration  vs.  the  reflected  radiance  at  some  suitably 
chosen  wavelength  would  then  give  a quantitative  relationship  that 
could  be  used  to  determine  particle  concentration  at  any  otiier  time 
solely  by  the  measurement  of  the  reflected  radiances  without  ground 
truth  verification. 

This  project  permitted  only  one  aircraft  flight  and  an  examination 
of  measurements  at  different  times  of  the  year  over  the  same  site  was 
not  feasible.  However,  some  pertinent  information  could  be  obtained 
from  the  measurements  taken  at  the  same  time,  but  at  different  sites 
along  the  Colorado  River  channel.  The  aircraft  measurements  are  shown 
in  Figure  10  and  display  the  same  major  spectral  features — a peak  at 
0.58p  and  a shoulder  at  O.GUy — for  three  sites,  namely  Hite  Bridge 
(Mile  171),  Mile  168  and  Mile  150.  This  suggests  (although  it  does  not 
prove)  that  the  particle  content  and  mineralogy  are  similar  at  the  three 
sites.  Therefore,  the  particle  coJicentration  vs.  reflected  radiance 
was  plotted  for  key  wavelengths  (chosen  as  0.58p,  0.6Lp  and  0.79u)  and 
these  graphs  can  be  used  as  the  quantitative  measure  of  particle  conter.t 
in  this  reach  of  the  Colorado  River  channel  an  determined  by  remote 
sensing  techniques. 


[ 

The-  I'eiationBliir  in.piied  in  i'irurc  9 nhouid  he-  tested  for  unique- 
ness and  reproducibility  to  compdete  ti.e  study  of  the  quantitative  use- 
fulness of  reflected  radiances  in  monitoring  of  water  quality.  Such 
tests  will  requi’~e  additional  flights  at  different  times  of  the  year 
* and  also  over  different  lakes.  The  results  obtained  in  the  present 

investigation  are  sufficiently  encooraging  to  Justify  such  flights,  if 
resources  can  be  made  available. 

One  other  useful  line  of  research  for  the  future  would  be  meacure- 
met;ts  under  controlled  conditions,  in  laboratory  tank  tests  if  feasible, 
and  if  not,  then  in  carefully  selected  bodies  of  water  in  the  field.  If 
tardc  tests  are  feasible,  known  concentrations  of  various  types  of 
particulate  matter  could  be  dispei-sed  in  water  tanks  and  spectra  could 
be  obtained  using  the  airborne  spectroradiometer . Physical  properties 
of  the  particulate  matter,  such  as  particle  size,  number  and  distribution 
and  optical  properties  of  the  particles,  would  be  previously  determined. 
The  relationship  of  these  parameters  to  the  shape  and  intensity  of  the 
water  spectra  could  then  be  analyzed  and  also  compared  with  resuLts  from 
tbeoretioal  models  of  the  scattering  of  radiation  penetrating  tlirough 
turbid  water.  This  combination  of  theoretical  work  and  laboratory  or 
controlled  field  experiments  would  provide  a solid  foundation  for  further 
development  of  remote  sensing  as  a practical  tool  in  the  monitoring  of 
water  quality. 
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APF'ENDIX  A 


LlTKRAa’UHE  REVIEW 


Optical  properties  of  water 


Considerable  research  in  tne  past  ten  years  ha;;  resulted  in  numerous 
articles  on  the  optical  properties  of  water.  A significant  contribution 
was  presented  in  whicii  tJie  definitions  for  attenuation,  absorption  ana 
scatterinf.’;  were  mathematically  stated  as  tiie  following;  relation  (Jerlov, 

IP?!*): 


f = a * b 


(1) 


TI 

b = 2v  / B(e)  ainO  de 
0 


where: 


c‘  = attenuation  coefficient 
a = absorption  coefficient 
b = total  scatterin(:  coefficient 
ti(0)=  volume  scatterinp,  function 


(2) 


It  is  evident  from  cciuation  (l)  that  attenuation  of  water  is  derived  from 
both  scattering  and  absorption.  Absorption  has  often  been  used  instead 
of  attenuation  because  scatterinf;  is  negligible  compared  to  absorption 
in  the  total  wavelength  spectium,  e.xcept  in  the  O.it-O.tp  spectral  region 
wiiere  tiic  absorption  or  attenuation  coefficient  is  minimal  (Jerlov,  Idi’li). 


The  scattering  of  light  in  turbid  water  is  primarily  caused  by 
reflection  and  diffraction  of  the  incident  liglit  by  suspended  particles 
in  the  water  (Jerlov,  1968).  The  simplest  scattering  occurs  at  low 
concentrations  when  the  size  of  the  suspended  particles  is  small  compai-ec. 
to  the  II. ensured  waveleng.th.  Tlie  scattering  of  light  is  due  to  diffraction 
and  follows  Rayleigh's  Itiw  (Rayleigh,  I8TI)  whicii  states  that  the  reduc- 
tion in  the  intensity  of  the  incident,  ^ight  is  inversely  proportional  to 
the  fourth  power  of  the  wavelength  (\  ). 

Tlie  Tyndall  effect  occurs  when  a beam  of  light  passing  tlirougli 
turbid  water  illuminates  the  suspended  particles.  Tiie  illumination  is 
caused  by  reflection  and  scattering,  of  tiie  incident  liglit.  The  Tyndall 
ligiit  is  bluish  in  color  at  sliorter  wavelengths  becaus.e  light  at  those 
wnveiengUis  is  strongly  scattered.  Tills  piienomenon  iias  been  used  to 
explain  tiie  blue  color  of  scattered  light  in  pure  water  since  t.iie  water 
molecules  were  the  scattering  particles. 
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Subsequently,  it  was  found  that  direct  scattering  of  the  water 
molecules  could  not  occur  be-'cause  the  water  molecules  were  compressed 
and  the  distance  between  the  molecules  was  very  small  relative  to  the 
diameter  (Defant,  I961).  Later,  the  fluctuation  theory  ( Gmoluchowski , 
1908)  stated  that  irregular  molecular  movements  gave  rise  to  an  optical 
inhomogeneity  Cor  Schlieren  streaks  of  very  small  dimensions)  whicii  was 
responsible  for  the  scattering  of  light. 

Parallel  light  rays  incident  on  a water  surface  will  in  part  be 

reflected  and  in  part  enter  the  water  (Fig.  Al).  The  angle  of  reflection 

will  equal  the  angle  of  incidence,  but  the  ratio  of  the  intensities  of 

the  incident  and  reflected  light  will  be  dependent  on  the  angle  of 

i.ncidence  which  can  vary  between  0-d0° . Light  which  enters  the  water  will 

change  direction  on  passing  through  the  water  siu-face  and  the  angle  of 

the  refracted  beam  is  represented  by  the  following  equation  (Snell's  Law); 

sin  i 

— : = n 

sin  r 

where:  i = angle  of  incidence 

r = ang,le  of  reflection 
n = refractive  index 

For  air  and  pure  water,  n will  be  approximately  equal  to  1/ i 
(Jerlov,  1968).  A lig,ht  ray  striking  the  water  surface  vertically  from 
below  continues  into  the  air  along  the  same  path.  If  the  path  deviates 
from  the  vertical,  the  light  ray  is  refracted  from  the  perpendicular  al 
the  surface.  When  an  angle  of  U8.;j°  from  the  vertical  is  reached,  the 
light  ray  will  pass  along  the  surface.  ?’or  any  angle  greater  than  the 
critical  angle  of  U8.5°,  the  light  is  reflected  downward  and,  therefore, 
the  ^48. 5°  is  called  the  critical  angle  for  total  reflection.  The  critical 
angle  is  determined  by  the  ratio  of  the  velocity  of  light  in  the  two 
mediums  (or  refractive  index). 

Scattering  of  light  is  the  result  of  three  physical  phenomena  which 
are  (Jerlov,  I968): 

1)  light  that  is  deviated  from  rectilinear  propagation  (diffrac- 
tion) by  the  action  of  a particle. 

2)  light  that  will  penetrate  a particle  and  emerge  with  or  without 
one  or  more  internal  reflections  (refraction). 

i)  light  that  is  only  reflected  externally  (reflection). 

Particle  size  is  the  major  component  of  light  scattering.  For  large 
particles  the  scattering  is  almost  independent  of  the  wavelengtli  and 
depends  primarily  on  that  part  of  the  total  surface  area  of  the  particle 
influenced  by  the  light.  Therefore,  scattering  by  large  particles  is  not 
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color  selective.  Diffraction  will  occur  independent  of  the  particle's 
composition,  whereas  refraction  and  reflection  are  determined  by  the 
refractive  index  of  the  particle  (Jeriov,  1968). 


In  contrast  to  Rayleigh  scattering,  the  Mie  theory  of  scattering 
occurs  for  a model  system  composed  of  particles  with  a given  refractive 
index  and  pure  water  iMie,  I908).  Also,  the  scattered  light  has  tiie 
same  wavelengtii  as  the  incident  light.  In  ti.is  theory  the  particles 
are  spherical  and  larger  than  those  assumed  for  Rayleigh  scattering  with 
the  distance  between  tne  spheres  being  at  least  three  times  the  radius. 
Also,  multiple  scattering  does  not  occur.  Therefore,  the  total  scattering 
is  proportional  to  the  nuiaber  of  particles. 

Correlation  of  multispectral  data  to  water  quality 

IJumerous  investigators  have  studied  the  problem  of  correlating 
spectral  measurements  with  suspended  sediment  and  algal  concentrations 
(Blanchard  and  Leainer,  1973;  Bowher  et  al . , 1973;  Gramiris  and  Boyle,  1971; 
Grew,  1973;  Jarrett  et  al.,  1973;  Maul  and  Gordon,  1973,  1979;  Polycyn 
and  Lyzeuga,  1973;  Wrigley  and  Horne,  197^).  Generally,  these  experiments 
utilize  a ratioing  tecljiique  between  broad  spectral  bajids  in  the  0.5-1-lP 
region.  This  is  accomplished  to  measure  and  distinguish  between  sus- 
pended sediment  and  algae  concentrations  and  surface  areal  distribution 
which  is  a qualitative  measure  of  turbidity.  It  is  difficult  to  obtain 
quantitative  information  on  materials  in  the  water  because  the  color 
measurements  of  the  observed  radiance  result  from  a combination  of  surface 
reflection,  atmospheric  scattering  and  light  scattering  within  the  water 
body  (Lacis  et  al.,  1976).  Techniques  wliich  can  separate  the  contributions 
to  the  observed  radiances  from  these  different  mechanisms  would  be  useful 
for  improving  remote  sensing  capabilities  (Lacis  et  al.,  1976). 

In  addition  to  aircraft  sensors,  satellite  sensors  liave  been  useu 
to  monitor  water  quality.  One  of  the  latest  sensor  developments  has  bcci, 
the  multispectral  scanner  (MSS)  aboard  Landsat , a polar  orbiting  satellite. 
The  multispectral  scanner  comprises  four  channels;  MSS  I4  (0.5-0.6u). 

MSS  5 (0.6-0.7p),  MSS  6 (0.7-0.8p)  and  MSS  7 (O.S-l.lpi).  The  ground 
coverage  of  a Landsat  scene  is  100  nautical  miles  on  a side  (I85  km)  with 
a pixel  resolution  of  1.1  acres  (57x79  m) . Tlie  satellite  orbits  the 
earth  in  103  minutes,  completing  iH  orbits  a day.  Coverage  of  a given 
area  occurs  every  18  days  at  tlie  same  local  time.  The  multispectral  data 
are  quantized  onboard  the  satellite  (128  gray  levels  for  MSS  1;,  5,  6; 

6U  for  MSS  7)  and  relayed  in  a digital  bit  stream  to  a ground  receiving 
station.  An  oscillating  mirror  system  reflects  upwelling  radiation  from 
the  earth  into  six  detectors  for  each  channel  so  that  six  scan  lines  are 
observeci  simultaneously  (NASA,  1971). 

Published  results  indicate  that  for  Landsat  MSS  band  5 (0.6-0.  Tii) 
highi  densities  of  suspended  sediment  correspond  to  high  water  reflectance 
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and  lev  deiii^itleii  correspond  to  iov  water  reflect  ar*c  e ; therefore,  rross 
^^dirr.ent  and.  circiiltitioii  patterns  can  le  delineated  I'or  large  vat'^r  bodies 
(Bltickveii  and  Boland,  1973;  Ep-an,  1972,  197'*;  Kleinas  et  ai.,  1973, 

19i4;  Kritlkos  et  al.,  I97I*;  Rogers  ot  ai . , 197B;  Scherz  et  al.,  1973; 
Strong,  197h;  Williamson  and  Gratau,  1973;  Yarger  et  nl . , 1973).  Again, 
only  qualitative  information  has  been  derived  from  these  Landsat  multi- 
spectral  analyses. 


APPENDIX  B 


WATER  QUALITY  DATA  OF  LAKE  POWELL 
WATER  SAMPLES  (JUNE  1975) 
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